Chorioamnionitis, caused by intra-amniotic exposure to bacteria and their toxic components, is associated with fetal gut inflammation and mucosal injury. In a translational ovine model, we have shown that these adverse intestinal outcomes to chorioamnionitis were the combined result of local gut and pulmonary-driven systemic immune responses. Chorioamnionitis-induced gut inflammation and injury was largely prevented by inhibiting interleukin-1 (IL-1) signaling. Therefore, we investigated whether local (gut-derived) IL-1α signaling or systemic IL-1α-driven immune responses (lung or chorioamnion/skin-derived) were sufficient for intestinal inflammation and mucosal injury in the course of chorioamnionitis. Fetal surgery was performed in sheep to isolate the lung, gastrointestinal tract, and chorioamnion/skin, and IL-1α or saline was given into the trachea, stomach, or amniotic cavity 1 or 6 days before preterm delivery. Selective IL-1α exposure to the lung, gut, or chorioamnion/skin increased the CD3+ cell numbers in the fetal gut. Direct IL-1α exposure to the gut impaired intestinal zonula occludens protein-1 expression, induced villus atrophy, changed the expression pattern of intestinal fatty acid-binding protein along the villus, and increased the CD68, IL-1, and TNF-α mRNA levels in the fetal ileum. With lung or chorioamnion/skin exposure to IL-1α, intestinal inflammation was associated with increased numbers of blood leukocytes without induction of intestinal injury or immaturity. We concluded that local IL-1α signaling was required for intestinal inflammation, disturbed gut maturation, and mucosal injury in the context of chorioamnionitis. Intrauterine infection is the most frequent cause of preterm birth 1 before 28 weeks of gestation. 2 Chorioamnionitis, which is commonly caused by intrauterine bacterial infection, is defined as an inflammation of the fetal membranes, amniotic fluid and placenta. [3] [4] [5] Bacterial infection of the amniotic cavity results in direct exposure of the lung (by fetal breathing), gastrointestinal tract (by swallowing), skin, and chorioamnion to bacteria and their inflammatory components in the contaminated amniotic fluid. The fetal inflammatory response to chorioamnionitis is associated with multiorgan dysfunction, 6,7 which increase the incidence of periventricular leukomalacia, 8 bronchopulmonary dysplasia, 9 and necrotizing enterocolitis. 10, 11 We have used a translational ovine model of chorioamnionitis to investigate the impact of intrauterine inflammation on fetal organs. Using this model, we have shown that intraamniotic (IA) delivery of Escherichia coli lipopolysaccharide (LPS) resulted in an acute inflammatory response in the chorioamnion and increased the influx of inflammatory cells in the respiratory tract within 5 h. 12,13 These immune alterations were rapidly followed by systemic inflammation at the same time point and fetal skin inflammation 12 h after LPS exposure. 13, 14 The first signs of intestinal inflammation were detected 2 days after IA delivery of LPS, and this inflammatory response resulted from direct LPS exposure to the gut and pulmonary-induced systemic inflammation. 15
Intrauterine infection is the most frequent cause of preterm birth 1 before 28 weeks of gestation. 2 Chorioamnionitis, which is commonly caused by intrauterine bacterial infection, is defined as an inflammation of the fetal membranes, amniotic fluid and placenta. [3] [4] [5] Bacterial infection of the amniotic cavity results in direct exposure of the lung (by fetal breathing), gastrointestinal tract (by swallowing), skin, and chorioamnion to bacteria and their inflammatory components in the contaminated amniotic fluid. The fetal inflammatory response to chorioamnionitis is associated with multiorgan dysfunction, 6, 7 which increase the incidence of periventricular leukomalacia, 8 bronchopulmonary dysplasia, 9 and necrotizing enterocolitis. 10, 11 We have used a translational ovine model of chorioamnionitis to investigate the impact of intrauterine inflammation on fetal organs. Using this model, we have shown that intraamniotic (IA) delivery of Escherichia coli lipopolysaccharide (LPS) resulted in an acute inflammatory response in the chorioamnion and increased the influx of inflammatory cells in the respiratory tract within 5 h. 12, 13 These immune alterations were rapidly followed by systemic inflammation at the same time point and fetal skin inflammation 12 h after LPS exposure. 13, 14 The first signs of intestinal inflammation were detected 2 days after IA delivery of LPS, and this inflammatory response resulted from direct LPS exposure to the gut and pulmonary-induced systemic inflammation. 15 Importantly, inhibition of IL-1 signaling with an IL-1 receptor antagonist in our chorioamnionitis model largely prevented fetal organ inflammation and its negative sequelae. 16, 17 IL-1 signaling is central to antenatal inflammation in multiple animal models, [18] [19] [20] and IA IL-1α administration in fetal sheep caused inflammation in the chorioamnion with injury to the respiratory and gastrointestinal tract. [21] [22] [23] However, it remains unstudied whether local (i.e. gut-derived) IL-1α signaling or systemic IL-1α-driven immune activation (i.e. lung-or chorioamnion/skin-derived) is causally involved in intestinal inflammation and mucosal injury from chorioamnionitis.
To answer this question, we surgically isolated the lung, gastrointestinal tract, and chorioamnion/skin in fetal sheep for selective IL-1α exposure 1 or 6 days before preterm delivery. We evaluated the systemic and intestinal immune responses of IL-1α exposure to the different isolated fetal compartments.
MATERIALS AND METHODS Animals
All experiments were approved by the Animal Ethics Committee of the University of Western Australia (Perth, WA, Australia) and the Children's Hospital Medical Center (Cincinnati, OH, USA).
Experimental Procedures and Design
Experimental procedures were performed as described previously. 15 Fetal sheep were randomized to experimental groups as defined in Table 1 . Fetal surgery was performed at 116 or 121 days of gestational age (GA) (term~150 days). Fetuses received either IL-1α (Protein Express, Cincinnati, OH, USA) or saline (control) at 118 or 123 days GA via a 24 h osmotic pump. We used the following doses: 10 μg of IL-1α for intratracheal infusion, 50 μg of IL-1α for gastrointestinal infusion, and 100 μg of IL-1α for IA infusion. A dose of 100 μg IL-1α into the amniotic cavity induces chorioamnionitis and inflammation in the lung and gut with concomitant developmental changes. 21, 22 Intratracheal infusion of IL-1α (10 μg) causes pulmonary inflammation and maturation. 24 As the swallowing volume rate of the fetus is~50% of the total amniotic volume over 24 h, 25 a dose of 50 μg of IL-1α was infused to the GI tract. Fetal sheep were surgically delivered at 124 days of gestation and were killed with an intravenous bolus of pentobarbitone (100 mg/kg) 1 or 6 days after IL-1α or saline infusion.
Isolation of the fetal organs was performed as described previously. 15 Briefly, fetal lung isolation: a catheter was connected to an osmotic pump to administer IL-1α or saline for controls. The trachea and esophagus were ligated to prevent contact with the amniotic fluid; isolation of the fetal gastrointestinal tract: a catheter was placed via the esophagus into the stomach and an osmotic pump was used to administer IL-1α or saline for controls. The esophagus was ligated to avoid IL-1α reaching the amniotic fluid; isolation of the fetal snout: selective exposure of IL-1α in the skin and chorioamnion was achieved by occlusion of the snout with a surgical glove. An osmotic pump was sutured to the fetal skin and delivered IL-1α or saline for controls.
Cell Count Measurement in Cord Blood
Differential cell counts in the cord blood were performed by Coulter counter (VetPath Laboratory Services, Ascot, WA, Australia).
Antibodies
The following antibodies were used: rabbit antibody against human cluster of differentiation 3 (CD3; 1:1000) and myeloperoxidase (MPO; 1:500) both from Dako (Glostrup, Denmark); intestinal fatty acid-binding protein (I-FABP; 1:3000) from Hycultbiotech (Uden, The Netherlands); rabbit antibody against mouse zonula occludens protein-1 (ZO-1; 1:100) from Invitrogen (San Francisco, CA, USA); monoclonal mouse antibody against human forkhead box P3 (FoxP3; 1:250) from Bioscience (San Diego, CA, USA); mouse anti-human Ki-67 (1:100) from Dako (Glostrup, Denmark) and rabbit anti-human caspase-3 (1:1000) from Cell Signaling Technology (Danvers, MA, USA). As secondary antibodies, Texas Red-conjugated goat anti-rabbit (1:100) from Southern Biotechnology (Birmingham, AL, USA); biotin-conjugated and Ki-67, 5%) and bovine serum albumin (CD3, 5% and I-FABP, 5%) for either 30 min (MPO, CD3, and FoxP3) or 1 h (I-FABP and Ki-67) at room temperature and the sections were incubated with the primary antibody as appropriate. After washing, sections were incubated with the selected secondary-conjugated antibody. CD3, FoxP3, Ki-67, and caspase-3 antibodies were recognized with streptavidinbiotin method (DakoCytomation) and antibodies against MPO and I-FABP were recognized with a peroxidaseconjugated secondary antibody. Substrate staining for MPO and I-FABP was performed with 3-amino-9-ethylcarbazole (Sigma); hematoxylin was used as a counterstain for nuclei. Immunoreactivity for CD3, FoxP3, Ki-67, and caspase-3 was detected by using nickel-DAB. Except for I-FABP, the positive stained cells were counted in three high-power fields. The average number of positive cells per high-power field per animal is given. Maturity of the fetal intestine was evaluated based on the size of vacuoles and the localization of I-FABP.
Immunofluorescence
Tight junction morphology was evaluated by immunofluorescence staining against ZO-1 as described previously. 15 Briefly, ileal cryosections (4 μm) were incubated with anti-ZO-1 followed by Texas Red-conjugated goat-anti-rabbit as a secondary antibody and 4′,6′-diamino-2-phenyl indole as a stain for the nuclei. The distribution of ZO-1 was examined in × 400 magnification using an AxioCam MRc5 camera (Zeiss, Jena, Germany) mounted on an ECLIPSE E800 fluorescence microscope (Nikon, Amsterdam, The Netherlands).
RNA Isolation and qPCR
Total RNA was extracted from ileum tissue using Trizol Reagent (Invitrogen, Breda, The Netherlands), according to the manufacturer's guidelines. DNA contamination was removed by using RQ1 DNase Kit (Promega, Madison, WI, USA) following the manufacturer's instructions. The digestion of genomic DNA was confirmed by polymerase chain reaction (PCR) using ovine β-actin (forward sequence: 5′-CAGCACAGGCCTCTCGCCTTC-3′; reverse sequence: 5′-CTGGGTCATCTTCTCACGGTTGG-3′). Reverse transcription was performed by using M-MLV Reverse transcriptase (Invitrogen, Bleiswijk, The Netherlands) according to the supplier's recommendations, using oligo-DT primers. Ten nanograms of cDNA was amplified with LightCycler 480 SYBR Green I Master (Roche Applied Science, Almere, The Netherlands). qPCR was performed using the Light Cycler 480 (Roche) with primers designed on ovine-specific sequences (Table 2) . Melt-curve analysis was performed following completion of qPCR amplifications revealing a single peak for each investigated amplicon, confirming the detection of a specific product. The results were normalized to ovine 40S ribosomal protein S15 (ovRPS15) and mean fold changes in mRNA expression relative to control are presented. We evaluated the accumulation of inflammatory cells in the gut after IL-1α exposure to the lung, gut, or chorioamnion/ skin by immunohistochemistry. Direct IL-1α exposure to the gut resulted in increased numbers of CD3+ cells in the fetal ileum when compared with control animals at 1 day after IL-1α infusion. CD3+ cells in the fetal ileum remained unchanged at 1 day after IL-1α exposure to the lung or chorioamnion/skin when compared with controls ( Figure 1) . At 6 days, IL-1α increased the numbers of CD3+ cells in the fetal ileum in all experimental groups when compared with controls (Figures 1a-e) .
In contrast, the number of immunosuppressive regulatory T cells, 26 expressing the transcription factor FoxP3, 27 remained unchanged in the fetal gut at 1 or 6 days after IL-1α infusion in any fetal compartment when compared with controls ( Figure 2a) . Similarly, the number of MPO+ cells in the fetal intestine was comparable to control animals after 1 or 6 days of IL-1α exposure to any fetal compartment (Figure 2b ).
Intestinal mRNA levels of CD68, a marker for activated macrophages, were analyzed by qPCR. At 1 day after IL-1α infusion in all compartments, CD68 mRNA levels remained unaltered in the fetal ileum when compared with controls (Figure 2c ). At 6 days, IL-1α infusion to the lung did not change the mRNA levels of CD68 in the fetal gut compared with controls, whereas the mRNA levels of CD68 were increased when the gut or chorioamnion/skin were exposed to IL-1α (Figure 2c ).
Cytokine mRNA Levels in the Fetal Gut After IL-1α Exposure in the Different Fetal Compartments To further characterize the intestinal inflammatory responses following selective exposure of IL-1α to the lung, gut, and chorioamnion/skin, mRNA levels of pro-and antiinflammatory cytokines were evaluated by qPCR. Ileal mRNA levels of IFN-γ, TNF-α, IL-1, IL-17, IL-4, IL-10, and IL-6 remained unaltered at 1 day after any of the IL-1α exposures (Figure 3) . Compared with controls, gut mRNA levels of TNF-α and IL-1 were significantly increased at 6 days after IL-1α exposure to the GI tract (Figures 3b and c) , whereas these cytokines remained unaltered when the lung or 
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The intestinal mRNA levels of IL-10 were increased 6 days after IL-1α exposure to the chorioamnion/skin (Figure 3f ), whereas no differences were observed in the rest of the groups when compared with controls ( Figure 3f ). The gut mRNA levels of IFN-γ, IL-17, IL-4, and IL-6 remained unaltered 6 days after IL-1α infusion to any fetal compartment (Figures 3a, d , e, and g).
Gut Injury and Morphological Changes After Selective IL-1α Exposure to the Gut, Lung, or Chorioamnion/Skin We first evaluated whether selective IL-1α exposure to different epithelial surfaces resulted in morphological changes in the fetal intestine by histochemical H&E staining. No clear signs of intestinal epithelial injury were observed at 1 or 6 days after IL-1α infusion to any fetal compartment (data not shown). This finding was also confirmed by immunohistochemical analysis of I-FABP, a protein that is expressed by intestinal epithelial cells and is released upon epithelial injury. 28, 29 We then assessed whether selective IL-1α exposure to different fetal compartments resulted in impaired gut development. Maturation of the fetal gut was assessed by immunohistochemical staining of I-FABP 30 and by the size of vacuoles in the intestinal epithelium. In control animals (Figure 4a ), I-FABP expression was detected along the villus, which is characteristic for animals of this GA. 17 In contrast, 6 days after IL-1α exposure to the gut, I-FABP expression was primarily localized in the crypts (Figure 4b ) and large 
M Nikiforou et al vacuoles were detected in the fetal intestine when compared with controls, indicative of intestinal prematurity (Figure 4b ). No significant changes were observed between control and IL-1α lung-and chorioamnion/skin-exposed animals (data not shown). Finally, direct IL-1α exposure to the gut resulted in significant shortening of the villus length at 6 days when compared with controls, whereas no changes were observed in villus length 1 or 6 days after IL-1α exposure to the lung and chorioamnion/skin (Figure 4c ). To gain insight into the mechanism of the observed decreased villus length and the immature intestinal phenotype at 6 days after IL-1α exposure to the gut, we performed an immunohistochemical staining for the proliferation marker Ki-67 and apoptotic marker caspase-3. No differences were detected in the number of Ki-67-( Figure 5 ) and caspase-3-(data not shown) positive cells in the intestinal mucosa between control and IL-1α lung-, gut-, and chorioamnion/ skin-exposed animals.
The integrity of tight junctions was evaluated by immunofluorescence staining of ZO-1, an important tight junctional protein in epithelial cells involved in paracellular permeability. 31 In premature control animals, the distribution of ZO-1 was fragmented (Figure 6a ) and this ZO-1 localization in the fetal gut was further disturbed after selective intestinal IL-1α exposure (Figures 6c and f) with more severe fragmentation at 1 day after IL-1α infusion to the GI tract (Figure 6c ). The ZO-1 distribution pattern in the rest investigated groups was similar to control animals ( Figure 6 ).
Systemic Immune Activation Following IL-1α Exposure to the Lung, Gut, or Chorioamnion/Skin We examined whether 6 days after selective IL-1α exposure to the lung, gut, or chorioamnion/skin resulted in systemic inflammation. The number of white blood cells, monocytes, lymphocytes, and neutrophils was increased in cord blood after 6 days of IL-1α exposure to the lung (Figure 7 ). Increased number of white blood cells, monocytes, and neutrophils was also observed in cord blood 6 days after IL-1α exposure to the chorioamnion/skin, whereas the number of lymphocytes was similar to control animals ( Figure 7c ). The cell counts of white blood cells, monocytes, lymphocytes, and neutrophils in cord blood after 6 days of Figure 5 Distribution of Ki-67-positive cells in the fetal ileum of animals exposed to interleukin-1α (IL-1α). Representative intestinal sections of control (a) and 6 days IL-1α gut (b) were stained by immunohistochemistry for Ki-67-positive cells. No differences were observed between control and IL-1α lung-, gut-, and chorioamnion/skin-exposed animals (c). For each experimental group, Ki-67-positive expressing cells were counted and the mean cell counts per high-power field per animal is given (c). Scale bar: 100 μm. Data are presented as mean ± s.d. d, day(s).
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DISCUSSION
We previously demonstrated that inhibition of IL-1 signaling in the course of ureaplasma-induced chorioamnionitis substantially prevented inflammation, disturbed maturation, and injury of the fetal intestine. 17 In the present study, we evaluated the impact of IL-1α signaling on intestinal inflammation and injury when different epithelial organs were selectively exposed to IL-1α. Our findings indicate that the adverse outcomes of the fetal gut in the course of chorioamnionitis are the combined result of selective IL-1α-driven signaling of the lung, gut, and chorioamnion/skin. Interestingly, intestinal inflammatory responses were distinct following different sites of IL-1α exposure and gut injury and Figure 6 Distribution of zonula occludens protein-1 (ZO-1) in the fetal ileum of animals exposed to IL-1α. Control animals had a moderate fragmentation of ZO-1 expression along the epithelium (a). This fragmentation was further disturbed after selective interleukin-1α (IL-1α) exposure to the gut (c and f) with more severe ZO-1 fragmentation at 1 day after IL-1α infusion to the gastrointestinal (GI) tract (c). The distribution of ZO-1 in (b) 1 day IL-1α lung, (d) 1 day IL-1α snout occlusion (Ocln), (e) 6 days IL-1α lung, and (g) 6 days IL-1α Ocln animals was similar to the control (a). Scale bar: 50 μm. Scale bar in insets: 10 μm.
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M Nikiforou et al immaturity were only induced upon direct contact of IL-1α to the gastrointestinal mucosa. At day 1 after IL-1α infusion into the GI tract, intestinal inflammation was characterized by infiltration of T cells and subsequent tight junctional loss. The current findings confirm and explain our earlier observations, showing that local exposure of the intestinal epithelium to LPS induces lymphocyte influx and impaired gut integrity. 15 In line with these data, in vitro experiments with intestinal epithelial cells have shown that IL-1 supplementation in the culture system increased the permeability of tight junctions. 32, 33 These findings indicate that increased intestinal IL-1α levels directly interact with the intestinal epithelial cells and/or resident immune cells to induce adverse intestinal outcomes as seen in the fetal intestine in the course of chorioamnionitis.
At 6 days, intestinal inflammation appears to be dependent on the route of IL-1α exposure. In particular, 6 days after direct IL-1α to the GI tract, intestinal immune activation was characterized by increased TNF-α and IL-1 mRNA levels and moderate signs of tight junctional loss. These current findings provide a mechanistic explanation for previous findings showing that direct gut exposure to LPS induced the Figure 6 Continued.
IL-1α-driven fetal gut inflammation M Nikiforou et al expression of these proinflammatory cytokines in the fetal ileum and this increase was associated with intestinal injury. 15 Intestinal inflammation was associated with an immature intestinal phenotype 6 days after IL-1α exposure to the GI tract as the villi were shortened, formed by enterocytes with enlarged vacuoles, and I-FABP expression was restricted to the basis of the villi, a characteristic pattern found in the extreme premature gut. 30 Interestingly, these morphological changes were not associated with altered number of Ki-67-or caspase-3-positive cells in the intestinal mucosa at 6 days after IL-1α exposure to the fetal gut. Therefore, diminished differentiation, rather than altered cell proliferation and/or cell death, appears to be responsible for the observed immature intestinal phenotype at 6 days after IL-1α exposure to the gut. Development of the fetal intestine was shown to be impaired in an IL-1-dependent manner in the context of chorioamnionitis. 17 Therefore, these results indicate that disturbed maturation of the intestinal epithelium during antenatal inflammation is the result of direct IL-1α effects to the GI mucosa. Alternatively, increased vacuolization and shortened villi at 6 days after IL-1α exposure to the fetal gut could also be interpreted as indicators of mucosal injury. However, at this stage increased vacuolization and villus atrophy were not associated with increased apoptosis, shedding of epithelial cells and accumulation of cellular debris in the lumen. Therefore, the shortening of the villi might originate from inflammationinduced smooth muscle reactivity and/or inflammation-driven changes of the subepithelial architecture of myofibroblasts within the villus compartment. 34 Systemic inflammation was associated with intestinal inflammation 6 days after IL-1α exposure to the chorioamnion/skin. This finding is in contrast with previous reports demonstrating that LPS exposure to the chorioamnion/skin provoked a systemic response without inducing intestinal immune activation. 15, 35 This discrepancy could be explained by the relative low number of circulating monocytes when compared with LPS 35 after IL-1α infusion into the snout occluded animals, which was paralleled by increased CD68 (macrophages) mRNA levels in the fetal gut, indicating influx and/or differentiation of monocytes from the periphery. It is tempting to speculate that intestinal macrophages in the GI tract following IL-1α exposure to the chorioamnion/skin might be responsible for the accumulation of T cells in the fetal gut. 36 This intestinal immune response at 6 days after IL-1α administration to the chorioamnion/skin appeared to have an anti-inflammatory character as upregulated mRNA levels of IL-10, a cytokine that has central role in maintaining gut wall integrity, 37, 38 were detected and associated with the absence of epithelial damage in the fetal ileum.
The intestinal immune response 6 days after IL-1α intratracheal infusion was characterized by marginal inflammatory changes in the fetal gut with no signs of mucosal injury. In contrast, we have shown that intratracheal LPS delivery results in intestinal inflammation and mucosal IL-1α-driven fetal gut inflammation M Nikiforou et al damage. 15 These findings imply that induction of intestinal epithelial damage after pulmonary-mediated (systemic) immune activation are largely IL-1-independent. Although the mechanisms by which the fetal intestine responses to indirect IL-1α exposure to the lung or chorioamnion/skin remain to be elucidated, the current study provides evidence that direct IL-1α exposure to these epithelial organs (i.e. lung and chorioamnion/skin) can trigger gut inflammatory processes in the course of chorioamnionitis. Since not only the gut but also the lung and chorioamnion/skin seem to have a role in IL-1α-mediated inflammatory changes of the fetal gut during chorioamnionitis, future therapeutic interventions may need to focus on targeting both IL-1α local and systemically mediated immune responses during antenatal inflammation.
In conclusion, we have shown that IL-1α signaling in different fetal compartments contributes to the induction of intestinal inflammation in the course of chorioamnionitis. Importantly, altered gut development and mucosal injury required direct contact of IL-1α to GI epithelium, which emphasized the crucial role of local IL-1α-driven intestinal inflammatory processes in the context of chorioamnionitis.
